Central Vietnam is particularly vulnerable to the impacts of climate change, with all of its incumbent socioeconomic and ecological consequences. This is due in part to the autumn timing of the peak rainfall season in Central Vietnam, at a time when tropical cyclones are most likely to make landfall. We conducted climate diagnostic analyses using meteorological and tropical cyclone data to understand the changing patterns of autumn rainfall and tropical cyclones, revealing an intensification of precipitation over Central Vietnam since the beginning of the 20 th century that is associated with increased tropical cyclones in the adjacent sea. A warming of the sea surface temperature (SST) and enhanced southerly low-level winds are coincident with the above noted increase in rainfall and tropical cyclones. The underlying regional SST and circulation patterns are part of a hemispheric-scale change in the general circulation, i.e. a La Nina-like SST anomaly and a strengthened Walker circulation with the ascending branch located near Vietnam and far-western Pacific. We make the case with this paper that increasing autumn rainfall and tropical cyclones should be taken into account any mitigation and adaptation plans anticipated for Central Vietnam.
Introduction


One of the largest concerns about climate change in Vietnam is an increase in the frequency of extreme weather events as well as the rising sea level (Neil Adger, 1999; Koetse and Rietveld, 2009 ), both of which may lead to loss of life and from October to November. Recent research (Murakami et al., 2011; Chen, J et al., 2012; Yang et al., 2012) has found that late-summer typhoons initiated between Vietnam and the Philippine have become increasingly frequent since 1995, and the amount of rain associated with typhoons may also increase due to increasing sea surface temperature (SST) supplying more moisture and heat into the air.
Since over two-thirds of the OctoberNovember typhoons that affect Vietnam develop west of the Philippines (Chen, J et al., 2012) , their increased frequency and intensity is of grave concern.
Various international organizations have identified Central Vietnam as one of the most vulnerable places facing significant socioeconomic impacts of climate change (McElwee, 2012) . According to the WWF-Indochina Programme (WorldBank, 2001) , Central Vietnam belongs to the globally significant landscapes where a great majority of endemic species is potentially at severe risk in the short term, and at high risk in the long term. However, most climate change-related studies for Vietnam have been limited to social science and human perception, while the physical mechanisms and their impacts have received little attention (Buckley et al., 2014) . With this paper we provide a climate diagnostic analysis of central Vietnam's precipitation regime change and tropical cyclone characteristics, followed by discussion of potential consequences and best practices that may help this vulnerable region adapt to potentially damaging changes in the regional climate.
Climate Data
We obtained monthly global precipitation data from the National Oceanic and Atmospheric Administration (NOAA)'s Precipitation Reconstruction over Land (PREC/L) (Chen, M et al., 2002) for the period 1948-2014; this gridded dataset is based on the gauge observations with a spatial resolution of 1.0° × 1.0°. For wind fields, we used the 20 th Century Reanalysis driven by observed sea level pressure and SST (Compo et al., 2011) , which has a resolution of 2° × 2° and covers the time period 1948-2012. The six-hourly Best Track typhoon record was obtained fromthe US Navy's Joint Typhoon Warning Center (JTWC) (http://www.usno.navy.mil/JTWC/). We utilized the NOAA Extended Reconstructed SST V3b (Smith et al., 2008) that has a resolution of 2.0° × 2.0° for the period 1854-present, and also used the Niño-3.4 index obtained from the NOAA's Climate Prediction Center (http://www.cpc.ncep.noaa.gov/products/analysis_ monitoring/ensostuff/detrend.nino34.ascii.txt). Figure 1 shows the climatological wind and precipitation fields averaged for OctoberNovember, illustrating that these two months serve as the major rainy season in Central Vietnam. The East Asian winter monsoon high-pressure cell sits to the north of Vietnam, while a region of tropical low pressure sits to the south. The result is strong pressure gradient providing steady onshore winds that interact with the orography over Central Vietnam, generating low clouds and persistent rainfall there. During October-November, tropical cyclones that have developed in the Vietnam East Sea or in the Philippine Sea and move directly towards Central Vietnam (orange tracks in Figure 1 ).
Climatology of the autumn rainy season
Moreover, when cold surges develop and interact with the tropical warm water, the so-called cold-surge vortex tend to form and migrate westward (Chang et al., 2005) . Such vortices, whose vorticity-center tracks are shown in Figure  1 (gray dashed lines), can also result in heavy precipitation events in Central Vietnam oftentimes without reaching the intensity of typhoons. This is the result of the combined effects of cold surge flows from the northeast and the tropical depression in the southeast, which enhance the moisture transport from the depression into the hills of Central Vietnam. Previous research (Yokoi and Matsumoto, 2008; Yen et al., 2011) has pointed out that East Asian cold surges combined with tropical easterly waves or depressions have resulted in extreme rainfall in the past, for example the November 1999 event that flooded thecity of Hue (Yen et al., 2011) . Apparently, any change in the easterly flows at the lower troposphere would contribute to rainfall variability in Central Vietnam. 
Precipitation regime change
We produced the latitude-time diagrams of rainfall for October and November, shown in Figure  2 , by averaging rainfall across Vietnam in the longitudinal direction and plotting it for each year, overlaid with the corresponding monthly Nino-3.4 SST index. Despite its interannual fluctuation in magnitude, the location of the region of maximum precipitation remains centered around 15°N until 2000, after which it has taken place about 1°-2° further north. At this time precipitation also intensified, a change that is illustrated by the linear trend pattern that expands with time (orange contours). Moreover, at this time there is also a clear signal of wet/dry frequency change. For the month of November the high rainfall used to occur every 8-12 years until the late 1990s, before increasing to every 3-5 years. In terms of the forcing of interannual variability, rainfall in October exhibits a significant and inverse correlation with the simultaneous Nino-3.4 index, signaling that the autumn development of La Nina/El Nino tends to cause high/low seasonal rainfall in Central Vietnam. This observation is consistent with a previous study that reported the La Nina linkage with high rainfall seasons in Central Vietnam (Yen et al., 2011) . For November, however, this relationship was not consistent during the 1970s-early 1980s, suggesting influences from other climate factors such as interdecadal climate variability or abnormal tropical cyclone activity.
In addition to the modulation of El Nino/La Nina on the precipitation anomalies, SST variations near the coast of Vietnam may also influence precipitation over Central Vietnam. An examination of the September-November SST anomalies over the domain of 110°-120°E, 10°-20°N (Figure 3 ) reveals a marked increase inthe SST during the late 1990s, as indicated by the step function change in 1997, consistent with the observed change in autumn precipitation over Central Vietnam as shown in Figure 2 . Because late-summer typhoons that form over the East Sea of Vietnam have been observed to intensify and increase since 1995 (Tu et al., 2009; Chen, Y and Tang, 2012) , Central Vietnam likely faces an increasing threat from fall-season typhoons should this trend continue. The regional SST warming is part of the basinwide SST change that manifests itself in a La Nina-like pattern, as illustrated in Figure 4a and reported previously (Tung and Zhou, 2010; . Increased SSTs since the late 1970s cover much of the Western and North Pacific while decreased SSTs encompass the tropical eastern Pacific and coastal water off western North America (Figure 4a ascending branch over the East Sea (other name: South China Sea; SCS) and western tropical Pacific. East of Vietnam, the low-level wind anomalies changed directions from easterlies to northerlies and then became southwesterlies along the East Asian coasts. Such anomalous SST and low-level winds enhance moisture transport and, arguably, leads to increased instability. To verify, we plotted in Figure 4b the anomalies of convective available potential energy (CAPE -see caption) overlaid with the 850-hPa anomalous wind fields, showing a band of increased CAPE along the Indochina Peninsula all the way to the water body that lies between Taiwan and thePhilippines, associated with the southerly andsouthwesterly wind anomalies. These collective changes in the dynamic and thermodynamic structures indicate a destabilized atmosphere that is increasingly conducive to moist convection. To examine further the impact of the aforementioned changes in the SCS, we compiled the areal frequency of 6-hourly tropical cyclone track records projected onto a 2° × 2° grid mesh, following Wang and Clark, 2010 . Figure 5 shows the era difference in the tropical cyclone frequency between the same time periods as in Figure 4 ( i.e., 1996-2012 and 1978-1994) . During the cyclone season (October-November) of Central Vietnam,an increase in the tropical cyclone frequency appears over the Gulf of Tonkin through Central Vietnam (indicated by arrow). This local increase in tropical cyclone frequency appears to be contradictory to the broader decrease in the eastern SCS and the Philippine Sea. However, when compared with Figure 4b , this result makes sense. Though the anticyclonic low-level wind anomalies occupy much of the coastal Vietnam, the Philippine Sea and the subtropical western Pacific, the southerly anomalous winds and the increased SST and CAPE together can enhance tropical cyclones either by prolonging their lifecycle or shifting their population westward towards Central Vietnam ( Figure 5 ). In addition to the changing tropical cyclone distribution noted above, the seasonal frequency of tropical cyclones that impact Vietnam has also changed. As shown in Figure 6a , the total number of tropical cyclones in the domain of 110°-120°E, 10°-20°N during the two periods 1995-2014 and 1975-1994 indicate two important changes: (i) the tropical cyclone season has 'expanded' with increased cyclones in September, November and December accompanied by decreased cyclones in June and July and; (ii) the peak tropical cyclone season has shifted from October to November.Upon further examination into different tropical cyclone scales, Figure 6b shows that tropical depressions (with the maximum sustained wind speed under 33 kts) has undergone a pronounced increase by threefold throughout the September-December season, while Figure 6c shows that hurricane-forced tropical cyclones (or typhoons with the maximum sustained wind speed exceeding 65 kts) exhibit a clear phase shift with reduced number in summer and increased number in winter.
Summary and discussion
Vietnam as a whole is ranked among the 10 most vulnerable countries to climate change, and the damage caused by extreme weather/climate events has increased substantially since 1995 (Yuen and Kumssa, 2010) . Future adaptation and mitigation strategies for these events require detailed scientific information on likely climate change. Here we investigated the changing precipitation characteristics in Central Vietnam during its major rainy season in OctoberNovember using climate diagnostic analysis coupled totyphoon track data. The analysis indicates an intensification of rainfall both in the amount and variability since the beginning of the 20 th century, and the fact that such a change is linked to increased SST and southerly wind anomalies off the coast of Vietnam. The troposphere over the SCS has also become increasingly unstable as is evident by increased CAPE and tropical cyclone frequency. Since SST plays an important role in driving the large-scale circulation change, and the changes in SST (as shown in Figure 4a ) are linked to anthropogenic climate warming, it is reasonable to conclude that the post-1970 increase in the global temperature Figure 6 . Epoch difference that is shaded between the periods of 1995-2014 (red) and 1975-1994 (blue) constructed for the seasonal distribution (monthly frequency) of tropical cyclones within the East Sea (aka. South China Sea). The month is determined by tropical cyclogenesis day has contributed to the observed change in the October-November precipitation and tropical cyclone activity over Central Vietnam.
The reported increases in precipitation and tropical cyclones over Central Vietnam have immediate impacts on storm surge, i.e. one of the most destructive systems associated with a tropical cyclone that threatens the coastal communities. The occurrence of storm surge in a changing climate with increased precipitation and tropical cyclones will almost certainly result in more vulnerability to coastal ecosystems and to society as a whole. In addition, the complexity of the society-ecology-climate interactions in Central Vietnam is further compounded in such the semiarid area of Phan Rang -Phan Thiet in Central Vietnam that comprises desert landscapes and man-made agricultural ecosystems; this societyecology system is already stressed in this region due to a long dry season that persists for 8 months. Under the hardship of the long dry season and sandy soil, local farming community relies on forest products as the major household income source, including illegal harvests 1 . The reduction of forests have resulted in a more barren land, further stressing agricultural cultivation as well as the likelihood of increasing mudslides in the face of torrential rains. The changing rainfall pattern and the shifted seasonal cycle of tropical cyclones, as reported here, have and will further exacerbate and complicate the region's state both naturally and agriculturally and so, it would be prudent to adopt practical strategies for mitigation and adaptation.
1 Such excessive harvests have led to near extinction of many plant and animal species in the wild (e.g., palms trees whose leaves are the key material of the traditional conical leafy straw hat, or harzelsterculia whose valuable gum is harvested from the trunk for soft drinks and medicinal treatment).
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